























Global	 food	 security	 and	 agricultural	 land	management	 represent	 two	 urgent	 and	 intimately	23	
related	challenges	 that	humans	must	 face.	We	quantify	 the	changes	 in	 the	global	agricultural	24	




of	 the	 average	 American,	 but	 despite	 this	 our	 results	 show	 that	 global	 adherence	 to	 the	29	
guidelines	would	require	1	gigahectare	of	additional	 land—roughly	the	size	of	Canada—under	30	
current	 agricultural	 practice.	 The	 results	 also	 show	 a	 strong	 divide	 between	 Eastern	 and	31	
Western	 hemispheres,	 with	 many	 Western	 hemisphere	 countries	 showing	 net	 land	 sparing	32	
under	 a	 USDA	 guideline	 diet,	 while	 many	 Eastern	 hemisphere	 countries	 show	 net	 land	 use	33	
increase	under	a	USDA	guideline	diet.		We	conclude	that	national	dietary	guidelines	should	be	34	
developed	using	not	just	health	but	also	global	land	use	and	equity	as	criteria.	Because	global	35	
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the	 increase	 in	 demand	 for	 agricultural	 products	 [1].	 The	 agricultural	 sector	 is	 extremely	43	
resource-intensive	 and	 continues	 to	 transform	 itself	 as	 populations	 grow.	 Global	 food	44	
production	is	the	largest	user	of	fresh	water	and	uses	approximately	38%	of	the	land	on	Earth	45	
[1,2].	An	estimated	62%	of	the	remaining	global	land	surface	is	either	unsuitable	for	cultivation	46	




However,	 approximately	 12%	 of	 the	 world	 remains	 undernourished	 [2].	 According	 to	51	
estimates	from	the	Food	and	Agriculture	Organization	of	the	United	Nations	(FAO),	the	world	52	
will	need	to	produce	70%	more	food	by	2050	to	meet	increased	demand	[3].		The	global	food	53	




The	 global	 distribution	 of	 diet	 may	 play	 a	 major	 role	 in	 achieving	 this	 goal.	 Food	58	




National	 dietary	 guidelines	 provide	 guidance	 on	 what	 constitutes	 a	 healthy	 diet,	63	
especially	 in	 industrialised	countries	where	 individuals	have	access	 to	a	wide	choice	of	 foods.	64	
The	 United	 States	 Department	 of	 Agriculture	 (USDA)	 released	 The	 Dietary	 Guidelines	 for	65	
Americans,	2010	 (“USDA	guidelines”	hereafter)	 to	promote	a	healthy	diet	 low	 in	calories	and	66	
saturated	fats.	The	dietary	guidelines	are	divided	by	food	groups	and	daily	caloric	intake	levels	67	
depending	 on	 age,	 sex,	 and	 physiological	 status	 (Table	 1)	 [7].	 Comparing	 the	 recommended	68	
food	 group	 servings	 to	 current	 agricultural	 outputs	 and	 dietary	 practice	 reported	 in	 food	69	
balance	 sheets	 from	 the	 FAO—both	 in	 the	 United	 States	 and	 many	 other	 industrialised	70	













		 		 		 		 		 Daily	Calorie	Level	 		 		 		 		 		 		
Food	Group	 1000	 1200	 1400	 1600	 1800	 2000	 2200	 2400	 2600	 2800	 3000	 3200	
	 	 	 	 	
(Servings)	
	 	 	 	 	 	 	Fruit	(Cups)	 1.0	 1.0	 1.5	 1.5	 1.5	 2.0	 2.0	 2.0	 2.0	 2.5	 2.5	 2.5	
Vegetables	
(Cups)	 1.0	 1.5	 1.5	 2.0	 2.5	 2.5	 3.0	 3.0	 3.5	 3.5	 4.0	 4.0	
Grains	 3.0	 4.0	 5.0	 5.0	 6.0	 6.0	 7.0	 8.0	 9.0	 10.0	 10.0	 10.0	
Whole-grain	
portion	(oz-
eq)	 1.5	 2.0	 2.5	 3.0	 3.0	 3.0	 3.5	 4.0	 4.5	 5.0	 5.0	 5.0	
Meat	and	
Beans	(oz-
eq)	 2.0	 3.0	 4.0	 5.0	 5.0	 5.5	 6.0	 6.5	 6.5	 7.0	 7.0	 7.0	
Milk	(cups)	 2.0	 2.0	 2.0	 3.0	 3.0	 3.0	 3.0	 3.0	 3.0	 3.0	 3.0	 3.0	
Oils	(tsp)	 3.0	 4.0	 4.0	 5.0	 5.0	 6.0	 6.0	 7.0	 8.0	 8.0	 10.0	 10.0	
Discretionary	
calorie	




It	 is	 well	 known	 that	 there	 is	 not	 enough	 land	 for	 land-intensive	 diets	 such	 as	 those	85	
currently	 practiced	 in	 the	United	 States	 to	 be	 applied	 globally	 [3].	 However,	 it	 is	 not	 known	86	
whether	 the	healthier	 and	 less	 land-intensive	diets	 such	as	described	 in	 the	USDA	guidelines	87	
would	have	the	same	limitation.		This	could	result	in	net	land	sparing	attributable	to	countries	88	
such	as	the	United	States	where	meat	consumption	declines	under	a	USDA	guideline	diet.	 	At	89	
the	 same	 time,	 land	 use	 attributable	 to	 the	 poorest	 countries	would	 increase,	 as	 individuals	90	
gain	the	calories	required	to	avoid	malnourishment.	This	would	clearly	make	global	diets	more	91	
equitable,	but	it	is	not	clear	what	the	net	effect	on	land	use	would	be.		92	
















and	 discretional	 [7].	 For	 beverages,	 oils,	 sugar,	 butter	 and	 stimulants	 we	 converted	 the	107	
processed	 quantities	 to	 equivalent	 primary	 quantities	 (e.g.	 wine	 to	 grapes,	 beer	 to	 barley,	108	
butter	 to	milk	etc.)	using	 conversion	 factors	given	by	 the	FAO	 [12].	 The	 food	 supply	quantity	109	
derived	from	the	domestic	supply	and	reported	in	the	Food	Balance	Sheets	includes	production	110	
plus	 imports	 minus	 exports.	 	Thus,	 when	 calculating	 domestic	 land	 use,	 we	 subtracted	 the	111	
imported	quantity	to	determine	domestic	land	used	for	growing	food.		We	also	used	these	data	112	
to	 compute	 the	 import	 dependency	 ratio,	 defined	 as	 the	 ratio	 of	 the	 import	 quantity	 to	 the	113	
domestic	supply	quantity,	 for	each	country	and	each	commodity.	 	This	ratio	 is	used	at	a	 later	114	
step	of	the	analysis	(see	below).			115	
	 Next	we	took	the	recommended	daily	serving	sizes	of	each	food	group	based	assuming	116	
an	 intake	 of	 2000	 kcal/day	 and	 converted	 those	 to	 masses	 using	 the	 food	 balance	 sheets	117	
handbook	given	by	the	FAO	[13].		For	each	country	we	multiplied	each	of	these	masses	by	365	118	
(days)	times	the	population	of	the	country	to	get	the	quantity	of	each	food	group	that	would	be	119	
required	 in	 order	 for	 that	 country	 to	 adhere	 to	 the	 USDA	 guidelines	 in	 a	 year.	 	 A	 country’s	120	
surplus	of	each	food	group	was	taken	to	be	the	actual	food	supply	for	each	food	group	minus	121	
the	corresponding	quantity	 that	would	be	required	to	meet	 the	USDA	guidelines.	 	A	negative	122	
surplus	 is	 interpreted	as	a	deficit,	meaning	that	the	country	would	need	more	food	from	that	123	
group	to	follow	the	guidelines.		124	
	 For	each	country	 the	surplus	of	each	 food	group	was	divided	 into	 two	parts:	one	that	125	
was	 produced	 within	 that	 country	 (domestic),	 and	 one	 that	 was	 produced	 outside	 of	 that	126	
country	 (displaced)	 according	 to	 the	 import	 dependency	 ratio	 [13].	 	 To	 meet	 the	 dietary	127	
guidelines,	 we	 allow	 that	 imports	 may	 be	 increased,	 exports	 may	 be	 changed	 to	 domestic	128	
production,	and	domestic	production	may	be	expanded	where	possible.	For	example,	suppose	129	
a	country’s	domestic	supply	is	X	tonnes	of	some	commodity	and	it	imports	Y	tonnes	of	the	same	130	










country	 was	 computed	 in	 the	 same	 way,	 but	 using	 the	 displaced	 surplus	 Si	 and	 the	 world	139	
average	yields.	Yields	for	crops	can	be	found	in	the	FAOSTAT	database.	For	 livestock	products	140	
we	estimated	yield	 in	terms	of	production	per	hectare	of	 land.	The	details	of	 the	calculations	141	
and	the	corresponding	python	script	appear	in	Supplementary	Information	(Appendices	A	and	142	
B).	 The	 code	 we	 used	 for	 the	 analysis	 is	 also	 available	 on	 Github		143	
(https://github.com/Pacopag/faolyzer).		144	
	 Using	 this	 approach,	we	 converted	 the	USDA	guidelines	 to	 land	 area	 required	 for	 the	145	
guideline	 diet	 at	 the	 level	 of	 country,	 continent,	 and	 world.	 	 We	 wished	 to	 estimate	 a	146	
conservative	 lower	bound	on	the	amount	of	 land	needed	to	meet	 the	guidelines,	 if	countries	147	
were	 to	 switch	 to	 the	 USDA	 guidelines	 in	 2010.	 Hence,	 instead	 of	 relying	 on	 model-based	148	
projections	 for	 future	demographics	 and	possible	dietary	 trends,	we	used	historical	 FAOSTAT	149	
country-level	data	and	estimated	the	amount	of	land	required	for	the	guideline	diet,	given	the	150	
observed	 (lower)	 historical	 population	 sizes	 and	 agricultural	 activity	 until	 2010.	 	 Hence,	 the	151	
resulting	 data	 point	 for	 each	 year	 represents	 the	 amount	 of	 land	 spared	 or	 required	 in	 that	152	
year,	 if	 the	given	country	had	been	adhering	 to	 the	USDA	guidelines.	Although	we	generated	153	
these	estimates	for	1960	to	2010	to	evaluate	past	trends,	the	values	for	2010	are	most	relevant	154	








































The	 challenges	 of	 providing	 stable	 access	 to	 adequate	 food	 are	 exacerbated	 by	 inequitable	193	
dietary	patterns	of	over-	and	under-consumption	between	countries	and	continents.	Some	of	194	
these	issues	become	apparent	when	we	analyze	data	at	the	continental	level,	at	which	notable	195	
common	 trends	 in	 consumption	 patterns	 and	 the	 associated	 land	 requirements	 emerge.	 For	196	
instance,	North	America	and	the	European	Union	displace	more	land	than	any	other	continents,	197	
due	 to	 food	 imports	 (Figure	2).	 	 If	North	and	South	America	shifted	 to	USDA	guidelines,	 they	198	
would	spare	a	moderate	amount	of	land	from	changing	to	a	less	land-intensive	diet.	In	contrast,	199	
Africa,	Eastern	Europe,	the	European	Union	and	Oceania	would	cause	a	large	land	deficit.		The	200	
impact	 of	 Asia	 shifting	 to	 USDA	 guidelines	 would	 be	 almost	 neutral,	 although	 the	 historical	201	
trend	suggests	 this	will	not	be	 the	case	 in	 the	near	 future.	The	 fact	 that	 the	European	Union	202	




Figure	 2.	 Continents	 differ	 widely	 in	 land	 spared	 (or	 required)	 under	 USDA	207	
guideline	 diet.	 Plot	 shows	 net	 amount	 of	 land	 spared	 (or	 required)	 to	 meet	 the	208	
Dietary	Guidelines	in	each	continent,	by	year	for	(a)	the	world,	(b)	Asia,	(c)	Africa,	(d)	209	










	 For	most	 decades,	 Asia	would	 have	 caused	 a	 net	 land	 deficit	 by	 shifting	 to	 the	USDA	217	
guidelines,	since	it	was	(and	remains)	a	relatively	under-nourished	part	of	the	world	(Figure	2b).		218	











most	 of	 the	 additional	 land	 required	 to	meet	 the	 guidelines	 globally	 would	 be	 the	 result	 of	230	
dietary	shifts	in	Africa.	This	is	not	surprising	because	undernourishment	is	widespread	in	Africa	231	
[14].	 However,	 an	 inflection	 point,	 probably	 corresponding	 to	 growth	 in	 some	 African	232	
economies,	occurs	in	1990	(Figure	2c).	 	Almost	all	of	the	additional	 land	required	to	meet	the	233	
guidelines	 would	 be	 the	 result	 of	 increased	 dairy	 consumption	 (Supplementary	 Information,	234	
Appendix	 C).	 Although	 the	 extra	 land	 required	 to	meet	 the	 guidelines	 in	 Africa	 is	 impossibly	235	
large	 (more	 land	 is	 needed	 than	what	 is	 available),	 Africa	 also	 stands	 the	most	 to	 gain	with	236	
respect	to	growing	agricultural	yields	[15].	 	Thus,	although	it	 is	not	currently	possible	to	bring	237	





fruit	 land	use,	a	 trend	common	to	most	of	Europe	 (Supplementary	 Information,	Appendix	C).	243	
We	note	that	displaced	land	(from	buying	food	imports)	contributes	strongly	to	European	Union	244	
land	use,	and	exceeds	displaced	 land	use	 in	North	America	(Figure	2d).	 Interestingly,	the	 land	245	
requirements	for	the	European	Union	indicate	the	need	for	more	displaced	lands	than	domestic	246	









North	America	 can	 spare	a	 significant	amount	of	 land,	 should	 the	USDA	guidelines	be	253	
followed.	 The	 stems	 largely	 from	 meat,	 grain	 and	 vegetable	 land	 use	 (Supplementary	254	
Information,	Appendix	C)	 [16].	 Land	use	 for	meat	 is	greater	 in	North	America	 than	any	other	255	
continent,	and	as	a	result,	land	use	displacement	in	North	America	is	also	significant	(Figure	2g).	256	
South	America	 can	also	 spare	a	 significant	 amount	of	 land	by	meeting	 the	guidelines,	257	
mostly	 from	 land	 sparing	 due	 to	 meat	 and	 grains,	 followed	 by	 vegetables	 and	 discretional	258	
products.	South	America	shows	a	steady	increase	in	land	use	since	1984	(Figure	2f).	This	trend	259	
is	 overwhelmingly	 due	 to	 rapid	 increases	 in	 land	 use	 for	 meat.	 Thus,	 reducing	 meat	260	
consumption	 in	 South	 America	 shows	 strong	 potential	 for	 sparing	 land	 (Supplementary	261	
Information,	Appendix	C).	Finally,	Oceania	can	spare	a	small	amount	of	land	if	the	guidelines	are	262	




We	also	created	a	world	map	with	our	 results,	 showing	net	 land	spared	or	 required	 for	each	267	
country	 to	 shift	 to	a	USDA	guideline	diet	as	of	2010	 (Figure	3)	 [17].	Countries	 in	blue	or	 teal	268	
colours	 could	 reduce	 global	 land	 use	 by	 shifting	 to	 a	 USDA	 guideline	 diet	 (net	 positive	 land	269	
spared),	while	countries	 in	green,	 red	or	yellow	would	cause	an	 increase	 in	 land	use	are	 (net	270	
negative	 land	 spared).	Although	1	 gigahectare	of	 extra	 land	would	be	 required	 globally	 for	 a	271	
guideline	diet	(Figure	1),	the	world	map	shows	how	the	results	are	much	more	variable	at	the	272	
country	level.		The	countries	that	can	spare	the	most	land	are	the	USA,	Brazil	and	Australia.	In	273	
contrast,	 the	 countries	 that	 require	 the	most	 land	 to	meet	 the	 guidelines	 are	Mozambique,	274	








Figure	 3.	 	 A	 western/eastern	 hemispheric	 divide	 in	 land	 spared	 versus	 land	283	
required	by	a	USDA	guideline	diet.	Land	spared	or	required	in	2010	by	country,	in	284	
millions	 of	 hectares	 (MHa).	 According	 to	 the	 scale,	 countries	 that	would	 reduce	285	
global	land	use	by	changing	to	a	USDA	guideline	diet	(net	positive	land	spared)	are	286	
indicated	in	blue	and	teal,	while	countries	that	would	require	extra	 land	to	meet	287	




















diet	 is	 already	 less	 land-intensive	 than	 the	 current	 US	 diet.	 	 Our	 analysis	 also	 revealed	 a	305	
hemispheric	 divide.	 	 North	 America,	 South	 America	 and	 Oceania	 could	 spare	 significant	306	
amounts	of	 land	 if	 they	moved	to	 the	 less	meat-intensive	 (and	consequently,	grain-intensive)	307	
diet	in	the	USDA	guidelines.		In	contrast,	Africa,	the	European	Union	and	Asia	would	require	a	308	
significant	 expansion	 of	 agricultural	 lands	 to	 support	 a	 USDA	 guideline	 diet.	 Further	 to	 this	309	
point,	the	fact	that	Europe	is	sparing	land	by	avoiding	a	USDA	guideline	diet	suggests	that	there	310	
may	 be	 sustainable	 ways	 to	 improve	 diets	 in	 the	 poorest	 countries	 avoid	 malnourishment,	311	
while	 also	 sparing	 land	 compared	 to	 the	 USDA	 guideline	 diet.	 Feeding	 the	 world	 while	312	
preserving	 natural	 land	 states	 and	 their	 ecosystem	 services	 is	 a	 complex	 problem	 that	 may	313	
require	 applying	 multiple	 solutions.	 We,	 therefore,	 conclude	 that	 revising	 national	 dietary	314	
guidelines	 to	 create	 dietary	 goals	 that	 are	 not	 just	 healthier	 but	 also	 more	 sustainable	 and	315	
equitable	from	a	global	 land	use	perspective	are	part	of	the	solution.	 In	this	way	we	build	on	316	
the	 literature	 of	 the	 global	 land	 use	 community	 that	 discusses	 the	 challenge	 of	maintaining	317	
ecosystem	services	while	producing	enough	food	to	meet	the	global	demand	for	nutrition	[11].	318	
The	easy	availability	of	FAO	data	helps	makes	this	plausible.			319	
However,	 it	 is	 worthwhile	 noting	 that	 reformulating	 national	 dietary	 guidelines	 with	320	
consideration	of	global	 land	use	also	needs	 to	account	 for	cultural	and	economic	variation	 in	321	
food	sources.	 	For	 instance,	 in	the	Global	South,	coarse	grains	(millet	and	sorghum),	 legumes,	322	
and	game	hunting	are	an	important	part	of	many	diets	[23].		However,	these	food	sources	are	323	
generally	 under-represented	 in	 datasets,	 suggesting	more	 efforts	 should	 be	 targeted	 toward	324	












and	develop	drought	 resistant	 crops	 and	 livestock.	 Another	 approach	 to	 reduce	water	 use	 is	334	
through	 international	 trade	 to	 ensure	 that	 the	 food	 produced	 in	 regions	 where	 water	 is	335	
abundant	can	be	traded	with	regions	where	water	 is	scarce	[25,26].	 	Sometimes	this	 is	called	336	
the	trade	in	“virtual	water”	[27].			337	
Our	analysis	was	also	broken	down	by	continent	and	country.	Recent	dietary	trends	in	338	
Africa	and	Asia	 (Figure	2)	 show	movement	 toward	 the	UDSA	guidelines,	as	 reflected	 in	other	339	
research	on	evolving	diets	 in	 these	regions	 [28].	China,	 India,	and	Saudi	Arabia	have	changed	340	
most	drastically	 in	 recent	years	with	an	 increase	 in	agricultural	 land	use.	Pakistan,	along	with	341	
India,	 is	 responding	 to	growing	 consumer	demand	 for	more	western	diets	by	 increasing	beef	342	
production	[29].	Of	particular	interest	in	Asia	is	China,	which	is	rapidly	increasing	production	in	343	
several	 sectors,	 largely	 contributing	 to	 Asia’s	 rapid	 agricultural	 growth	 rate	 (Supplementary	344	
Information,	 Appendix	 C)	 [28].	 Humans	will	 have	 to	 deal	with	 growing	 inequities	 as	 growing	345	
land	use	 for	meat	 consumption	by	 rich	 countries	 causes	 rising	 food	 costs	 for	 staples	 such	 as	346	
pulses	and	grains	and	thus	harms	the	poor	and	under-nourished	remainder	[30,31].		347	
It	 is	 important	 to	 note	 that	 our	 analysis	 made	 simplifying	 assumptions	 and	 did	 not	348	
include	all	factors	that	could	influence	dietary	and	land	use	trends	in	coming	years	Our	estimate	349	
is	 conservative	 since	we	 relied	 upon	 recent	 historical	 data	 rather	 than	 attempting	 to	 project	350	
into	 the	 future	 using	 population	models.	 The	world’s	 population	will	 continue	 increasing	 for	351	
years	to	come,	creating	stronger	challenges	than	our	analysis	has	described.	On	the	other	hand,	352	
by	 avoiding	 future	 projections,	 we	 also	 neglected	 new	 technologies	 and	 possible	 future	353	
increases	in	agricultural	yield	in	continents	like	Africa.		354	
The	FAOSTAT	dataset	is	a	secondary	data	source	and	relies	largely	upon	data	collected	355	
















removed.	Therefore,	our	 recommendation	 that	national	dietary	guidelines	 should	 take	global	369	
land	use	into	consideration	would	likely	also	not	change.		370	
	 Our	 analysis	 concerns	 only	 masses	 and	 caloric	 values	 of	 food	 products,	 but	 a	 more	371	
detailed	 analysis	 would	 include	 more	 specific	 breakdowns	 of	 nutrients,	 fats	 and	 proteins.		372	
Similarly,	 differing	 demographics	 and	 their	 individual	 nutritional	 requirements	 were	 not	373	
accounted	 for.	 The	 FAO	 trade	matrix	 could	 also	 be	used	 in	 conjunction	with	 country-specific	374	
yields	 to	 improve	estimation	of	country-level	 land	use,	 instead	of	using	global	average	yields.	375	
These	are	valuable	areas	for	future	research.			376	
Future	 research	 could	 also	 study	 the	 impact	 of	 real	 or	 potential	 dietary	 shifts	 on	377	
greenhouse	 gas	 emissions.	 Global	 agricultural	 production	 accounts	 for	 nearly	 30%	 of	 total	378	
greenhouse	 gas	 (GHG)	 emissions	 [31].	 Livestock	 alone	 are	 responsible	 for	 18%	 of	 GHG	379	
emissions,	which	is	higher	than	the	share	of	GHG	emissions	from	transportation	[29].	Hence,	a	380	
shift	 to	 less	 meat	 consumption	 would	 also	 reduce	 GHG	 emissions.	 Other	 topics	 for	 future	381	
research	 include	 the	 effects	 of	 food	 lost	 during	 storage	 and	 transportation	 and	 (more	382	
importantly)	 food	 lost	 through	waste	 and	disposal.	 Food	 loss	 is	 significant	 around	 the	world,	383	
thus	reducing	food	loss	could	also	help	spare	land.			384	
The	 implication	of	our	 results	 is	 that	 countries	 should	 coordinate	 their	 formulation	of	385	
dietary	 guidelines	 such	 that	 they	 are	 based	 not	 only	 on	 health	 considerations	 but	 also	386	
consideration	 of	 sustainable	 global	 land	 use,	 equity,	 and	 natural	 ecosystem	 conservation.	387	
Moreover,	 given	 that	 international	 agricultural	 trade	 is	 growing	 and	 global	 lands	 are	388	
increasingly	in	demand	for	growing	food,	international	coordination	should	incentivize	country-389	
level	improvements	in	dietary	habits	that	result	in	global	land	sparing,	similar	to	how	countries	390	
are	beginning	to	coordinate	reductions	in	their	greenhouse	gas	emissions.		391	
	392	
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